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RESEARCH MEMORANDUM

ATTITUDE INVESTIGATION OF PERFORMANCE
OF TURBINE-PROPELLER ENGINE
AND ITS COMPONENTS

By ILewis E. Wallner and Martin J. Saarl

SUMMARY

An altitude investlgation of a turblne-propeller engine was
conducted 1in the NACA Tewls altitude wind tunnel. A study was made
of the over-all engine performance, the englne components, and the
windmilling and starting characteristlcs.

Engine performance data obtained at sea-level statlc condi-
tlons could be used to predict static performence at altitudes up
to 35,000 feet by use of the standard generallized parameters.
Coampressor, combustion-chamber, and turbine performences were umaf-
fected by changes In eltitude end were functions only of corrected
engine speed, corrected fuel-alr ratlo, and corrected turbine
speed, respectively.

Specific fuel consumption based on shaft horsepower decreased
as the turbine-inlet temperature was ralsed at a given.engline speed.
The Jet thrust was inappreciably affected by changes In turbine-
inlet temperature at a constant engine speed but increased directly
wlth engine speed at a constant turbine-inliet temperature. Maxi-
mum windmilling speeds were obbtalned &t all altitudes for a
propeller-blaie angle of about 12°. The minimum windmiYling speed
at which a successful start and acceleratlon could he accomplished
increased from 5000 rpm at an altlitude of 25,000 feet to 10,000 rpm
at an albitvde of 40,000 feet.

INTRODUCTION

In the deslgn of alrcraft employing turbine-type power plants,
a knowledge of englne performance characteristlics for & wide range
of flight condlitions is Gesirsble. Experlmsntal engine performance
evaluatlons can usnally be made wilith relative esse and economy
only at sea-level stabtic conditions. PFPredletion of engine
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performence at other altitudes from data obtalned at sea level by

use of generalized parameters is questionable unless the effects &
of changes in altitude on the pexformance of each component and
the interaction of the components' are known. A derivation of per-
formance parameters for ges-turblne engines and the applicability
of the parameters in generalizing the performance with changes in
altitude of a bturbolet englne are presented 1n reference 1. An
investigatlion of the suitabililty of the parameters for generaliz-
ing the performance of & turbine-propeller englne ls, however,
necessary.
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An exial-flow-compregsor turbine-propeller engine has been
investigated in the NACA Lewls altitude wind tunnel to study the
over~all performence of the englne under altitude conditions and
to evaluate individually the performance of the compressor, the
combustion chambers, the turbine, the induction system, and the
exhaust system operating as integral parts of the engine. Data
were obtained for a range of engine operating condltions at alti-
tudes fram 5000 to 35,000 feel and a compressor-inlet ram pressure
ratlioc of 1.00.

Results presented hereln show the altitude performance of the
turblne-propeller engine and its components and the applicability
of the generalization method for prediciing engine and component
performance at altitudes other than the test altitude. The divi-
gion of energy between the turblne and the Jet and the performence -
of the induotion and exhaust systems are discussed. Data from &
brief investigation of windmilling and altitude starting character-
istics of the engline are also presented.

DESCRIPTION OF ENGINE AND CCMPONENTS

- Engine. - The maln engine components &are & l4-stage axlal-
flow compressor, nine cylindrical combustlon cheambers, a slngle-
gtage turbine, an exhsust cone, and =z planetary reduction gear
(fig. 1). The meximmm over-all diameter is 37 inches; the length
including the exhaust cone but wlthout the propeller ig 116 inches.
Dry welght of the engine plus accessories ls approximately
1980 pounds. The engine has a statlc sea-level military rating of
1700 ghaft horsepower with S50 pounds Jet thrust at an engine speed
of 13,000 rpm end a turblne-ocutlet gas temperature of 1265° F.

Alr enters the engine through a screened annular inlet sur-
rounding the aft reduction-gear casing (station 2, fig. 1). The .
alr travsls through the l4-stage compressor with a resultant
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incres~e in pressure and temperature. Alr ls discharged from the
compressor through two sets of gulde vanes and is turned 180°
before entering the combustion chambers (stations 3 end 4, fig. 1).

Most of the air flows dlrectly inbo the combustion chambers
and a small part is directed through the hollow turbine-nozzle
vanes before entering the combustion zone. Fuel is admitted to
sach of the combustion chambers by means of & duplex fuel nozzle.
Spark plugs are installed in two of the combustlon chambers, and
cross-fire tubes are provided to ignite the other chambers.

Products of combustion leaving the combustion chambers pass
through transition sectlons to the ennulaer turblne nozzle where
the gas is sccelerated. (See fig. 1, statior 5.) A large part of
the energy of the high-velocity gases is absorbed by the turbilne
to drive the compressor, the accessories, and the propeller shaft-
through the reduction gears. The gases are discharged from the
turbine into an annular exhaust cone and through a teil plpe and
Jot nozzle that converts the remaining pressure energy into
kinetic energy.

The turbine shaft drives the campressor directly and the pro-
peller through the reduction-gear assembly, whick conslsts of two
planstary gear systems in serles, with a speed-reduction ratio of
11.35:1. The ring gear of the high-speed stage ls the floating
type and 1lits motion i1s restralned by six hydraulic pistons that
provide a means of determining the shaft torqus.

Engine components. - The compressor 1s a j4-stage axlal-flow
type with a sea-level alr-flow rating of 21 pourde per second atbt.
an engine speed of 13,000 rpm. The hub- to tlp-dlameter ratio of
the rotor (fig. 2) increases from 0.73 at the first rotor stage to
0.88 at the fourteenth rotor stage. The dlemeter of the rotor

measured from the blade tips is 16% inches, and the length 1s
25 inches.

The englne has nine cylindrical counterflow combustlon cham-
bers (fig. 3). Alr enters an annular passage 1in the combustion
chamber, which 1s formed by the chamber casing and an inner liner.
The casing (fig. 3(e)), which measures 6 inches in dlameter and

14% inches in length, contains a liner (fig. 3(b)) that separates

the combustion zone from the passage for the enterling air flow.
Openings in the liner wall allow air to pass into the combustion
zone, where it 1s mixed with fuel sprayed from an atomizing nozzle
located in the center of the cambustlon-chamber dome.



4 S : T ' - NACA EM ESOH30

The over-all dlameter of the turbine wheel (flg. 4) is
28 inches. The turblne blades, which are welded to the whsel rim,
are 1.6 inches long and the blade chord tapsrs from 1.0 at the root
to 0.75 inch at the tip. The turbine nozzle has an actual flow
area of approximately 25 square Ilnches and consists of 36 equally
spaced hollow-steel venes welded to inner and outer shroud rings.
A portion of the alr that enters the combustion chambers filrst
flows through the hollow vanes to provide coolling. At standard
sea-level conditions, the single-stage turbine can deliver approxl-
mately 5000 horsepower to the compressor and the propsller.
Attached to the exhaust cone was a cylindrical tall plpe 8 feet in
length and 14 inches In dlamester.

APPARATUS AND INSTALLATION

The altitude wind tumnel in which the engine was investlgated
is a closed-throst return-flow tummel wlth & tegt sectlon 20 feet
in diameter and 40 feet long. Pressure altltudes as high as
50,000 feet and temperatures as low as -48° F can be obtained.

The englne was Installed in a streamlined necelle~wing combi-
nation that was supported 1n the test section by the tunnel bal-
ance frame. (See figs. 5 and 6.) The propeller with which the
engine was equipped was 12 feet 7 inches in diameter. Alr was sup-
plied to the englne from the tumnel air stream through two wing
ducts with leading-edge inlets in the propeller slipstream. (See
figs. 5 and 6(b).) The centers of the inlets were located atb
approximately 80 percent of the propeller radius. Alr enterling
the wing ducts was turned 90° with the aid of gulde vanes, as shown
In figure 5. A small portion of the inlet air was diverted through
bleedoff tubes for engine-nacelle cooling. At the engine, the
wing ducts were Jolned to form an annulus around the aft reduction-
gear cesing. : o ' o o

In order to evaluate the component performsnce, Iinstrumenta-
tion for measuring pressures and temperatures was placed al eight
stations throvghout the engine &s shown in figure 1. The position
of the instrumentatlion at six measuring stations, used in the cal-
culation of the data, 1s shown 1n figure 7. The temperatures were
autcmatically recorded with self-balancing potentiometers, and
pressures were measured with liguid-filled multlimasnometer banks
and were photographlcally recorded.

Shaft horsepower was determined from a calibration of torque-
meter pressure, and Jet thrust was calculated from pressure and
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temperature measurements at the jet-nozzle outlet. Fuel flow to
the engine was measured by a rotameter, and air flow was deter-

mined from pressure ani temperature meesurements at the compressor
inlet.

FROCEDURE

Data were cbtained for a renge of engine speeds Ffrom 8000 to
13,000 rmn at altitudes from 5000 to 35,000 feet at & compressor-
inlet ram pressure ratio of 1.00. Ram pressure ratio is defined
ag the ratio of compressor-inlet total pressure to free-stream
static pressure. In order to maintain a constant rem pressure
ratio at the compressor inlet, varying the tummel air velocity was
necessary to compensabte for changes in duct lomses and pressure
rise across the propelier blades. At each eltitude and engine
speed, data were obtained over a range of shaft horsepowers by
varying the propeller-blade angle. Ambient-air temperstures in
the tunnel test sectlon were maintained at a.pproxima.te],y NACA
standard altitude temperatures.

Symbols and methods used in calculating engine and component
performance are presented in the appendix.

RESULTS AND DISCUSSION

The results obbained in thils investigablion are presented and
discussed to show: (1) the effects of changes in engine spesd and
altitude on over-all engine performance; (2) the applicability of
generelized paremeters for predicting engine performance; (3) the
effects of changes in engine spesed, altitude, and turbine-inlet
temperature on the division of energy between the propeller shaft
and the Jet; (4) the performance cheracteristice of each of the
components operating es inbegral parts of the engine; and (5) the
windmilling and altitude starting characteristics of the engine.

The exhaust-system pressure losses associabed with the tail-
pipe installation used in this investigation in some cases were as
high as 11 percent of the turbine-ocutlet total pressurs. (See
fig. 8.} If lower exhaust-system pressure losses had been obtained,
the meximum obtaineble engine power would havée been higher.
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Engine Performance

Engine speed. - The.effect of varistions in engine speed on
the performence paramebers at an altltude of 5000 feet i1s shown in
Pigure 9. Air flow through the engine increased with an increase
in engine speed, but was unaffected by changes in shaft horsepower
(fig. 9(a)). The relatlion between shaft horsepower and turbine-
inlet temperature at an altitude of 5000 feet is shown In fig-
ure 9(b) for engine speeds from 8000 to 13,000 rpm. These data
wore used to superimpose bemperature contours on the parameters
shown in figures 9(c) to 9(f). The fuel flow required to maintain
a constant turblne-inlet temperature increased with engine speed
(fig. 9(c)) although the fuel-air ratio decreased (fig. S(d)).

The reduction in fusl-alr ratio at a glven turbinse-inlet tempera~
ture wilth increased englne speed results from the higher tempera-
ture rige across the compressor. The increase in Jjet thrust with
engine speed at a given turbine-inlet temperature (fig. 3(e)) is
rapid, which is due not only to the increased air flow but also to
the larger percentage of the available total energy at the turbine
inlet that remains in the gas at the turbimne ocutlet. The varla-
tion of gpecific fuel consumpbion with shaft horsepower 1s shown
in Pigure 9(f). Although the data indicate that for a given shaft
horsepower the specific fuel consumption was lower at reduced
engine speed, the Jet thrust is not accounted for in these curves.
If the apecific fusl consumption were based on the totsl useful
output of the engine, which Includes the shaft horsepower and the
Jet thrust, the engine-apeed effect shown in figure 9(f) would be
minimized because the Jet thrust increases with engine speed at a
glven value of shaft horsepower.

Altitude. - Engine performance data obtained at rated engine
speed, 13,000 rpm, and altitudes from 5000 to 35,000 feet are pre-
gented in figure 10. The englne alr flow was Iindependent of the
shaft horsepower but decreased approximetely in proportlion to the
reduction of inlet~alir density as the altitude was Iincreased
(fig. 10(a))}. The shaft horsepower at a given altitude varied lin-
early with the turbine-inlet temperature, as shown in figurs 10(b).
The reduction in shaft horsepowsr with an increase 1n altltude at
a gliven turbine-inlet temperature is primerily due to the reduced
alr flow. Contoure of comsbtant turbine-inlet temperature obtalned
from the data in figure 10{b) are superimposed on the other per-
formance variables in figures 10(c) to 10(f). The fuel flow
(fig. 10(c)) and the fuel-eir ratio (fig. 10(d)}) at a given alti-
tude increassed linesarly with shaft horsspower in a manner gimilar
to the turbine-inlet temperature. In order to obtain a given
turblae-~inlet temperature, & higher fuel-air ratio was required as
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the altitude waes raised due to the reduced compressor-inlet tem-
perature. AL each altitude the Jet thrust Increased slightly with
shaft horsepower, as shown in figure 10(e); the lncrease in jet
thrust was sbout 10 percent for an inorease in shaft horsepower of
100 psrcent. AL each slitltude, the lowest value of specific fuel
consumption based on shaft horsepower was obbtalned at the maxImum
temperatures and power. (See fig. 10(f).) PFor a given turbine~
inlet temperature, the minimum specific fuel consumption was
obtained at altltudes between 15,000 and 25,000 feet.

Generallized Performence

Altitude performance hes been generalized to staniard sea-
level conditlions by the pressure and temperature correctlon fac-
tors & and 6, respectively (reference 1). In the development
of thisg method of generalization, these correctlon factors alone
were not alweys sufficlent to reduce the results completely to a
single curve. The use of additionsl paramsters, such &s flight
Mech number and Reynolds number, are scmetimes necessary for a
complete generalized description of engine-performance character-
igtics. (See references 2 and 3.)

Performance dete obtained at a compressor-inlet ram pressure
ratio of 1.00 and at altitudes from 5000 o 35,000 feet are pre-
sented In flgures 11 and 12. Corrected values of fuel £low, horse-
power, and Jet thrust are cross-plotted at constant corrected
turbine~inlet temperatures and are presented as a function of cor-
rected engine speed in figures 11l(a) to 1i(c). Irrespective of
the altitude at which the data were obbained, the corrected engine
spesd and turbine-lnlet temperabture define a corrected fuel flow,
horsepower, and Jet thrust. The corrected fuel flow and jJet thrust
vary almost linearly wlth corrected engine speed at comstant cor-
rected turbine-inlet temperatures (figs. 11(a) and 1i(c)). The
corrected horsepower also varied ess a direct function of the engine
speed In the low range; but at higher engine speeds, the horse-
power reached a meximum end Then decreassed with further increases
in engine speed.

Corrected engine performence ls presented in the form of com-~
poaite curves of fuel flow and Jet thrust against turbine-inlet
temperature at constant values of shaft horsepower and engine
speed in figures 12(a) and 12(b), respectively. By the use of
these curves, complete englne performance can be estimated for
static conditions at altitudes up to 35,000 feet. At altitudes
higher than those investigated, the changes in Reynolds number at
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the inlet of the compressor would probebly lessen the possibliity
of the data reducing to a single curve. (See reference 2.) Hence,
the accuracy of performence extrapolations from figure 12 at very
high altitudes would be questionable.

Engine~Power Divisilon

A primary consideration in the design of a turbine-propeller
engine 1s the division of power between the propeller shaft and the
Jet. This divislon of power 1s important not only to the maximum
thrust or power obtainable at any flight condition but also to the
operating economy of the engine. The dilvialon of power can be
expreassed as the ratio of equivalent propeller-sheft enthalpy drop
to total avallable enthalpy drop end as the ratio of Jet enthalpy
drop to total avallable enthalpy drop. The method of calculating
thess ratios is given in the appendix. The shaft and Jet enthalpy
drop ratios are shown as functions of corrected turbine-inlet tem-
perature in figure 13 for several corvected englne speeds and alti~
tudes. At all corrected engine speeds the shaft enthalpy drop
ratic increased, whereas the Jet enthalpy drop decreased with an
increase in corrected turbine-inlet temperature. An Iincrease in
corrected engine speed from 10,200 to 136250 rpm at a constant cor-
rected turbine-inlet temperature of 1900- R reduced the shaft
enthalpy drop ratio from 0.31 to 0.22 and increased the Jet
enthalpy drop ratio from 0.09 to 0.13 (fig. 13(a)). The reduction
in ghaft enthalpy drop ratlo with increased engine speed can be
attributed to the incrsase In exhaust-eystem pressure losses and
to the increase in the percentage of total turbine power absorbed
by the campressor. Changes In altitude at constant corrected
engine speed had no appreciable effect on the enthalpy drop ratios
(fig. 13(p}).

With an englne having a fixed-area exhaust nozzle, such as
the one investligated, a single propeller shaft power 1s obtalned
for a particular engine sgpeed anmd turbine-inlet temperature. Oper-
atlon at different power ratiocs for cruise and high-speed flight
nay, however, be desirable so that & range of englne powers could
be obtalned at a glven engline speed and turbine-inlet temperature.
A veriasble-ares exhaust nozzle would provide the necessary flexi-
bility in the engine operating characterlstics.

Component Performance

Compressor. ~ The over-all performance cheracteristics of a,
compressor are usually represented by the variation of campressor
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pressure ratlic wlth corrected alr flow at constant corrscted engine
speeds. Such chaeracteristics are generally ocbtalned by varying

the pressure retlo at each engine speed from the lowest feasible
value to the value limited by compressor stall. Because the com-
presgor was Ilnvestigated as an Integral pert of en engine, the
range of pressure ratlos obtainaeble was limited to those encountered
In the normal operation of the englne.

The variation of corrected air flow with corrected engine
speed 1s shown In figure 14. Each cluster of data points was
obtalned by increasing the shaft horsepower at a given englne
gpesd with an attendant increase in compressor pressure ratio.

Such variations in the compressor pressure ratio had no apparent
effect on the corrected alr flow. For the range of conditions
investigated, the relation between corrected alr flow and corrected
engine speed was unaffected by changes in altltude.

Date are presented in flgure 15 to show the variatlon of cam-
pregsor pressure ratlo with the square root of the corrected
turbine-inlet temperature for several values of corrected air flow.
At each value of corrected alr flow, the relation betwsen the two
varlables presented ls llinear because -the velocity In the turbine
nozzles 1s sonic. When the velocity through the turbine nozzles
becomes sonlc, the compressor pressure ratio is related to the tur-
bine temperature ratio in the following mamner, which 1s derived

in the appendix:
P ’T ’T
3 S S A12
?2‘ = E * Ca ( )

In order to determine the effect of changes 1ln altltude on
the efficiency of the compressor, compressor pressure and tempera-
ture ratlos were plotted as a functlon of the corrected turbine-
inlet temperature. These curves (similar to FPig. 15) were then
cross~plotted to obtain the variation of compressor pressure and
temperature ratios with corrected englne speed (fig. 16). Because
the cross-plotted data for the altitude ramge investigated deter-
mined & single curve for each corrected turbine-inlet temperature,
it was concluded that the campressor efficiency was unaffected by
changes In altitude.

Over-ell performance of the compressor is represented by the
generalized characteristic curves shown In figure 17. Constant-
corrected-engine-speed lines, which were obtained by varying the
turbine power at each engline speed, are shown with efficiency con-
tours obtained fram cross plots of the data. Several operating
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lines at constant corrected turbine-inlet tempersture are superim-
posed on the characteristic curves. These data represent compres-
sor operation from corrected engine speeds of 8200 to 14,200 rpm
end corrected turbine-inlet temperatures fram 1600° to 2400° R,
which include the entire range of compressor operation in the
engine. Operation of the engine at a corrected speed of 13,000 rpm,
which corresponds to rated speed at sea level, occurred in the
region of meximum compressor efficlency. The compressor effil-
clencies obtained may be somewhat low because of the dirt and oil
deposits that accumzlated on the rotor and stator blading during
the investigation. Large changes in compressor pressure ratio at
rated engine speed, induced by variatlons in turbine-inlet tempera-
ture, resulted in only a small chengs in compressor efficiency.
.Operation at rated engine speed as the altitude wes increassed from
approximately 5000 to 25,000 feet resulted in a reduction of com-
pressor efflciency of about 2 percent because the corrected engine
speed increesed fram 13,250 to 14,200 rpm. The lowest efficiency
contour obtained with the englne operating (69 percent) was
oxtended by use of windmilling compressor data.

Combustion chember. - The loss in total pressure across the
combustion chamber of a turbine-propeller engine 1s attributed to
two sources: the friction pressure loss resulting from the ges
pessing through the combustion chember, and the momentum pressure
loss resulting from the addition of heat to the gas. (A more detailed
discussion is presented in reference 4.) The sum of these two
pressure losses 1s the meesured loss in total pressure across the
combustion chamber, which is expressed as the total-pressure-loss
ratio (Pz - P5)/Pz. The variation of total-pressure-loss ratio
with corrected combustion-chember temperature rise for altitudes
from 5000 to 35,000 feet 1s shown in figure 18(a). These data
include operation at corrected englne speeds between 8200 and
14,200 rpm. The total-pressure-loss ratio is indeperdent of alti-
tvde changes, but decreased slightly as the corrected temperature
rise was Increased. The total-pressure-loss ratio 1s plotted as a
function of the corrected horsepower of the engine for various cor-
rected englne speeds at an altitude of 5000 feet in figure 18(D).

At & constent power output, increasing the engline speed results in

a hlgher total-pressure-loss ratio because of the lower combustion-
chember temperature rise required at the higher engine speed. The
decrease in the total-pressure-loss ratio with increased temperature
rise (fig. 18(a)) is & result of the reduction in Mach number entering
the combustion chamber. This reduction in the Mach number decresses the
friction pressure losses and thus the total-pressure-loss ratio.

The temperature rise across the combustion chember for & glven fuel-
alr ratio is a measure of the efficlency of the combustion process in an
engine. In order to determine the effect of altitude on the performance
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of the combustlion chamber, the corrected combustion-chamber tempera-
ture rise was plotted as a function of the corrected engine fuel-alr

ratio in figure 19 for altitudes from 5000 to 35,000 feet. These data,

which include engine operation at corrected speeds between 8200 ard
14,200 rpm, indicate that the combustlon process was unaffected by
changes in altitude up to 35,000 feet.

Turbine. - Because the turbine was Investigated as an inbtegral
part of the engine, the over-all engine characteristics limited
the range of turbine. operation that could be cbtained. Three
graphical representations are sufficient to show the performance
of the turbine when operating as part of the engine. The turbine
operating lines can be represented by the variation of fturbine
pressure ratio wlth corrected turbline speed for values of constant
corrected turbine-inlet temperature, the variation of turblne effl-
ciency wlth corrected turbine speed, and the varlation of turbine
pressure ratio with corrscted gas flow.

The relation between corrected turbine speed and turbine pres-
sure ratio for several fixed values of corrected turbine-inlet tem-
perature shown in figure 20 was obtained from & plot of corrected
turbline speed as & function of turbine pressure ratic and cor-
rected turbine-inlet temperature for several consbtant corrected
engine speeds. At a glven corrected turblne-inlet temperature,
the turbine pressure ratio was approximately proportlonal to the
corrected turbine speed. The corrected turbine-speed range
obtalned during the investigatlon was between 4400 and 7800 rpm
and most data were obtained at turbine pressure ratios higher
than the critical value for choking of flow, approximately 1.85.

The variation of turbine efflclency with corrected turblne
speed 1s presented in figure 21 for the entire range of altitudes
and turbine-inlet temperatures investigated. A single efficiency
curve was faired through all the data obtalned. The bturbine effi-
clency varled from approximately 0.75 at a corrected turbine spesd
of 4400 rpm to 0.815 at a corrected turbine speed of 7500 rmn. A4
constant turbine efficlency of approximetely 0.815 would be
obtalned for operatlion at rated engine speed from sea level to an
altitude of 35,000 feet, which would correspond to corrected tur-
bine speeds between approximately 6200 and 7500 rpm. Although con-
giderable data scatter is indicated In filgure 21, no specific altil-
tude or turbine-inlet-temperature trends could be found.

In the presentation of turbine performsnce, the usual practice

is to show the variation of turbine pressure ratio with corrected
W_A/O
5

,  as t)resented in figure 22. After

turbine gas flow
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the velocity in the turbilne nozzles becomes sonlc, the value of
corrected gas flow remeinas constant except for a possible slight
effect due to changes in the ratlio of specific heats; the deriva-
tlon of this expression is shown in the appendix. For turbine
pressure ratios above 1.85, the corrected gas flow was constent;
below this value, however, where the veloclty in the turbine noz~
zles was subsonic, the gas flow decreesed.

Induction system. - Induction-system pressure losses in terms
of the tunnel veloclty pressure gqp eare shown as a function of
the duct-inlet velocity ratic in figure 23 for altitudes from
5000 to 35,000 feet. The total-pressure-recovery factor (P2 - pg)/ag
(which includes the total-pressure rise across the propeller) is
independent of changes in altitude but varies with changes in duct-
inlet velocity ratlio. At the design duct-inlet veloclty ratio of
0.4, which was obtained only at low engline speeds and high free-
stream veloclities, pressure recoveries as high as 0.90 were
obtained. At the higher duct-lnlet velocity ratios, however, cor-
responding to high engine speeds and low tunnel velocitles, low
preasure recoveries were obtailned.

Engine Operational Characteristics

Windmilling. - Engine windmilling speeds obtained at a flight
Mach number of 0.285 &t altitudes from 15,000 to 35,000 feet are
shown in figure 24 as a function of propeller-blade angle. At a
constant propeller-blade angle and flight Mach number, the cor-
rected engine speed was essentially independent of the altitude.
Maximum englne speeds were obtained at a blade-sngle setting of
about 12°. Data such as that presented in figure 24 were cross-
plotted to determine the maximum air velocity at which the engine
could be windmilled without exceeding the speed limit of 13,000 rpm.
(See fig. 25.) The need for feathering the propeller at high air-
speed 1s evident, inasmuch as the engine overspeed limit can be
exceeded at alrspeeds sbove 275 miles per hour.

Average totel and static pressures throughout the englne are
shown in figure 26 for several windmilling speeds at an altitude
of 35,000 feet and & propeller-blade angle of 12°. For all the
windmllling speeds, a static-pressure rise ocourred in the first
stages of the campressor end a static-pressure drop in the last
fow stages. Because there is no burning in the engine combustion
chember, the compressor-outlet pressure is lowered and the last
few stages act as a turbine. The increase in pressure between sta-
.tlons 6 and 7 is attributed to miselinement of the air flow and
Instrumentation at the turbine outlet.

]
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Starting characteristics. - The problem of starting a turbine-
propeller engine under static conditions is more difficult .than
that of a simple turbojet engine because of the additional powsr
required to overcoms the inertia of the propeller and the reduction
gearing and because the self-sustalning speed of the engine is
relatively high. At low altitudes the engine 1s accelerated with
the starter motor to gbout 2000 rpm, at which speed the fuel end
the 1gnltion are turned on. The starter motor then assgists in
accelerating the engine to 5000 rmm, at which speed the engine
becomes self-sustalning and the sterter motor 1s disengeged.

Because of the decrease in alr pressure and density at high
altitudes, ignition 1s more difficult and less power 1s avallable
to accelerste the englne. As a result, the minimum engine speed
at which starting and acceleration can be accomplished increases
with altitude. The variation of the minimm windmilling speed at
which the engine can be started and accelerated with altitude is
shown in figure 27. Dabta for altitudes below 25,000 feet are not
shown inasmuch as the minimm windmilling speed for starting was
within the speed range of the starter motor. The minimum wind-
milling starting speed increased from 5000 rpm at an altitude of
25,000 feet to 10,000 rpm at 40,000 feet. Although ignition was
obtained at lower engine speeds -than those indlcated in figure 27 s
acceleration could not be accamplished. (4 detalled discussion of
the starting problem 1s presented in reference 5.)

SUMMARY OF RESULTS

A turbline-propeller engline was investigated in the NACA Tewls
eltitude wind tunnel to determine the altitude performence of the
engine and ite component parts, and the windmilling snd starting
characteristics. ZEnglne performance data obtained at gea-level
static conditions for the engine investigasted could be used to pre-~
dict static psrformance at altitudes up to 35,000 fest by the
application of the standard air pressure and temperature correction
factors. The engine performance data generalized because the gen-~
eralized performances of the compressor, the combustion chambers,
and the turbine were unaffected by changes in altitude and were
functlons only of corrscted englne speed, corrected fuel air ratio,
and corrected turbine speed, respectively.

Speclific fuel consumption bagsed on shaft horsepower decrsased
as the turbine-inlet temperature was increased at & constant
engine speed. The air flow through the engine was unaffected by
changes in the turblne-inlet temperature but varied directly with
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the rotating speed of the engine. Jet thrust varied directly with
engine speed at constant turblne-inlet temperature but was negli-
glbly affected by changes in turbine-inlet temperature at a gilven
engine speed. Inoreesing the englne speed at a given altltude
lowesred the portlion of the total avallable power absorbed by the
propeller shaft at a given turbine-inlet temperature. Operation

of the engine at a corrected speed of 13,000 rpm, which corre-
sponds to rated speed at sea level, occurred in the region of maxl-
mum compressor efficlency. Maximum turblne efficiency was obtained
at rated engine speed for all altitudes investlgated.

For the windmilling condition, highest rotating. speeds of the
engine were obtalned at a propeller-bleds angle of &bout 12°, At
altitudes above 25,000 feet, the minimum windmilling speed at which
the engine could be started and accelerated 1ncreased from 5000 rpm
at an altitude of 25,000 feet to 10,000 rpm at an altitude of
40,000 feet.

Lewis Flight Propulsion Laboratbory,
Rational Advisory Commlttese for Asronautlcs,
Cleveland, Ohio.

v
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APPENDIX -~ METHODS OF CALCULATTION

Symbols

The following symhols are used in this report:

crogs-~sectional area, sq ft

speed of sound in air, ft/sec

specific heat of gas at constant pressure, Btu/(1b)(°R)
Jot thrust, 1b

net thrust, Ib

fuel-air ratio

acceleration due to gravity, Tt/sec?
horsepower logss 1n high-speed reduction gear
enthalpy, Btu/lb

horsepower

mechanlcal equivalent of heat, ft-1b/Btu
constants

Mach number

englne speed, rpm

total pressure, lb/eg ft

static pressure, 1b/sq £t

free-stream dynamic pressure, 1b/sq £t

ges constant, 53.4 £+-1b/(1b)}(°R)

shaf't horsepower measured at torquemeter

total temperature, °R

15
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Ty indicated temperature, CR

Ts' isentropic campressor-outlet total temperature, °R

Tg' isentropic turbine-outlet total temperature, °R

t static temperature, °R

velocity, ft/sec

W air flow, lb/eec

We fuel flow, lb/hr

Wg ges flow, Ib/gec

g propeller-blade angle, deg

¥4 retio of speciflic heats for gases

s} ratlio of compressor-inlet total pressure to statlic pressure
of NACA stendard atmosphere at sea level

55 ratlo of turbine-Inlet total pressure to static pressure of
NWACA standard etmosphere at ses level

N compresgor efficlency

g turbine efficiency

e ratio of compressor-inlet absolute total temperature to
ghsolute statlc temperature of NACA standard etmosphere
at sea level

85 product of 7 and total temperature at turbline inlet dlvided
by product of ¢ and statlc temperature for alr at NACA
standard sea-level ocopditions (75T5/l.40 X 519)

p density, slugs/cu £t

Subscripts:

J Jet

n turbine nozzle (minlmum aresa)

1378
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t turbine

o tunnel-test-section air stream
1 wing-duct inlet

2 compressor inlet

3 compressor outlet

5 turbine inlet

8 turbine outlet

8 Jet-nozzle outlet

The data are generalized to NACA standard sea~level conditions
by the following paremeters:

Fi/8

£/o
np/sA6
N/af6
N/Af®s
Ts/6

(T5 - Tz) /6
WaA/6/5
We/87f0

W 65
55 75;1.4

corrected
corraected
corrected
corrected
corrected
corrected
corrected
corrected

corrected

corrected

Jet thrust, 1b
fusl-alr ratlo

horgepower, shp + ghp

engine speed, rpm

turbine speed, rpm

turbine-inlet temperature, °R
combustion-chember temperature rise, °F
air flow, 1lb/sec

fuel flow, 1b/hr

turbine gas flow, lb/sec
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Calculatlions

Temperatures. - Total temperatures were obtained from thermo-
couple readings, & thermocouple recovery factor (0.85), and the
following equatlon:

dad

y
m(2)
T = D (Al)
x=1
”
1+ 0.85 P;) -1
D

Turbine-inlet temperatures were calculated from the enthalpy
drop through the turbine. and the total enthalpy at the Jet-nozzle
outlet. The enthalpy drop through the turbine included the power
required to drive the compressor, the shaft power measured at the
torquemeter, and the power loss in the high-speed reductlon gear:

Hy = l:(shp ;sghp)SSOJ ¢ (Hg - Hy) + Hg (2)
7 - czfs (a3)

The gear horsepower, used in calculabting Hg, represents the
power loss In the high-speed reduction gear and was eatimated to
vary from 50 horsepower at an engine speed of 13,000 rpm to
25 horsepower at 8000 rpm.

Alr flow. - The engine air flow used in the performance cal-
culations was determined from measurements at the campressor inlet.
From the continuity egquatilon,

Wg = P2AxVE

D
2ha v
Rt

(a4)

\
S
&
5]
Q
K
S’
1
| nad
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The gas flow through the turblne ﬁozzles was assumed egual to
the compressor-inlet air flow plus the fuel flow,

W

f
W =W, + —— AS
g a " 3800 ' (45)

Compressor efficlency. - The compressor efficliency is defined

Isentroplic enthalpy rise
Actual enthalpy rise

Ne =
Wécp(T3' - Tp)
WAPP(Ts - Tz)

z=1

(48)

Compressoxr pressure ratio. - The relatlon between compressor
pressure ratio end corrected turbine-Inlet temperature, which was
referred to in the discugsion of the compressor, may be derived in

the followlng manner:
| _WeRE WgRAE ()
8

78Rt Ap

M=

m i<

When the static temperatures are converted to total values,

)5%?—57

M = -ii ”JF.(l + 7 = Ly2
7% P

or
78 P

e
Wg = - oy (49)
2(y-1)

(L +f£y({1+ Z;g—E-MZ)

ig
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Equation (A9) rewritten for conditions at the turbine nozzles where

choking occurs (M, = 1)},
/758 P5
AD. R ’-\ 7T5

Wy = AlC
a y+1 (a10)

2(7g-1)
(L + 1) (l + 752— l)

For corrected conditions at the inlet of the compressor,

758 T2 Ps 2318
WA /6 4/ /\/
) ayre Ts P2 afsi9
82

(A11a)
ey
(L +£) (1 + Zs—-_-l-)
2
Eéuation (Alla) may be written as,
Wgafr_ 4v/§§—§: ig gg i;fﬁ_
519 (A11D)
75+l
7 2(75~1)

75 -
(L +Ff) {1+ -——E——-)

When the combustion-chamber total-pressure ratio, the variation in
speciflic-heat function, and the fuel-alr ratlo are assumed as
second -~order varlables, eguation (Allb) can be written as,

Wan/@ To [P
_E£12T= _E ;i K (AlIC)
s T5 Pz

Therefore, at a glven corrected alr flow, the following relation
may be assumed:
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P i T
Py T e

Turbine efficlency. - The igsentroplc efflclency of the turbine
may be expressed &as,

- Actual enthalpy drop
Isentropic enthalpy drop

4

WSCP, £ (Ts - TG)
- 1
¥g®p, (s = Te')

@5 -y
74-1

pe 1 428
5
Ps

Corrected turbine gas flow. - Rewrlting equation (A9) glves

wgﬂf?F Az ¥A (a10)

¥P 7+l
e zgted)

When eguation (Al4) is corrected to standard sea-level con-
ditions at station 5 (turbine inlet),

(413)

W /o K
g S - 1May (415)
85 75/1.4 y5+1
- 2(75-1)
(+22207)
2

When the pressure ratlo across the turbine nozzles exceeds the
critical value, the Mach mumber et the minimm sarea is unity. The

21
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variation in the specifilc-heat function for the maximum turbine-
inlet temperature change 1a less than 0.4 percent. If the paramster
on the left slde of equation (Al5) remains constant, choking 1s
therefore indicated in the turbine nozzles.

Thrust. - Jet thruat 1s equal to the product of the masss flow
and the veloclty at the jet-nozzle outlet plus the iIncremental pres-
sure times the Jet-nozzle area.

Therefors,

fi

W
Fy= = Ve + 45(rs - Do) . . (a16)

ogheVa + 4g(Pg - Do)

-7&__1-
AB Pg 27gRt8 PB 78
=Iz_gi_;-§'m<i§) - 1|p + Ag(pg - pg) (a17)
7g~1
£
= AgPg 72Z 1 i—z) - 1] + Aglpg - 25) (a18)

The net thrust is equal to the Jet thrust minus the momentum
of the alr at the engine Inlet,

w&
FN = FJ -(E‘ (vo) (A}_Q)

The enthelpy ratios shown in figure 13 were calculated in the
Tollowing manner:

Shaft_enthelpy drop _ (H5 = %g) - (B - H) (420)
Total enthalpy drop - Hy - Hj
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Jet enthalpy drop (Hs - HJ)

- a21)
Total enthalpy drop (Hg - Hy) (421)

where HJ repregents the enthalpy of the Jet based on the statilc
temperature of the exhauvst gas when p 3 = Po- All other enthalpies
are based on total btemperatures. '
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Figure 2, - Axial-flow-compressor rotor of turbine-propeller
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Flgure 8. - Variation of exhaust-system pressure-lose ratio with exhaust-cone inlet
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Figure 9. - Effect of shaft horsepower on engine-performance parameters at various
engine speeds. Altitude, S000 feet; compressor-inlet ram pressure ratio, 1.00.
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- Continued.

Effect of shaft horsepower on engine-performance

parameters at varlous engine speeds. Altitude, 5000 feet; compressor-
inlet ram pressure ratio, 1.00.
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Figure 9. ~ Continued. Effect of shaft horsepower on engine-performance
parameters at varlous englne speeds. Altitude, 5000 feet; compressor-

inlet ram pressure ratio, 1.00,.
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parameters at varlous engine speeds. Altitude, 5000 feet; compressor-
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Figure 9. - Continued. Effect of shaft horsepower on engine-performance
parameters at varlous engine speeds. Altitude, 5000 feet; compressor-

Inlet ram pressure ratio, 1.00.
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parameters at various engine speeds. Altitude, 5000 feet; compressor-
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Filgure 10, — Effect of shaft horsepower on englne-performance param—
eters at various altitudes. Englne speed, 13,000 rpm; compressor—
inlet ram preasure ratio, 1.00.
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Figure 10. - Concluded. Effect of shaft horsepower on englne-performance
Engine speed, 13,000 rpm; compressor-

parameters at various gltitudes.
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Correotsd jet thrust, Pj/o, 1b
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(b) Effect of altitude at two constant corrected engine speeds.

Flgure 13. - Effect of engine speed and altitude on ratios of Jet and propeller-
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Corrected air flow, Way¥/8, 1b/aec
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Figure 19. - Effect of altitude on engine combustlon yrocess.

8200 to 14,200 rpm.

Carrected engine speed,



Corrected turbine-inlet tewpersture, ¥s/6, °B
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Figare 20. - Varlation of twrbine presswre ratio with oorrected twrbine apsed at constant corrested turbine-inlet
temperatures. Compressar-inlst, ram pressre retlo, 1,00.
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Figure 22. - Variation of turbine pressure ratio with corrected turbine ges flow.
Compressor-inlet ram pressure ratio, 1.00.
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Figure 24. - Variation of corrected engine windmilling speed with propeller-blade
angle. Flight Mach number, 0.285.
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Figure 25. - Variation of maximum safe true airspeed with propeller-blade
angle for windmilling engine.
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Figure 26. - Total and steilc pressures through engine gt various windmilling speeds.
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Figure 27. - Variation of minimum windmilling speed at which engine can be started with
o altitude.

NACA-Largley - 10-5-50 - 300



\'\‘3 t

AT

: -.*a,;ko



